The two fundamental forms of short-term plasticity, short-term depression and facilitation, coexist at most synapses, but little is known about their interaction. Here, we studied the interplay between short-term depression and facilitation at calyx of Held synapses. Stimulation at a "low" frequency of 10 or 20 Hz, which is in the range of the spontaneous activity of these auditory neurons in vivo, induced synaptic depression. Surprisingly, an instantaneous increase of the stimulation frequency to 100 or 200 Hz following the low-frequency train uncovered a robust facilitation of EPSCs relative to the predepressed amplitude level. This facilitation decayed rapidly (ϳ30 ms) and depended on presynaptic residual Ca 2ϩ , but it was not caused by Ca 2ϩ current facilitation. To probe the release probability of the remaining readily releasable vesicles following the low-frequency train we made presynaptic Ca 2ϩ uncaging experiments in the predepressed state of the synapse. We found that low-frequency stimulation depletes the fast-releasable vesicle pool (FRP) down to ϳ40% of control and that the remaining FRP vesicles are released with ϳ2-fold slower release kinetics, indicating a hitherto unknown intrinsic heterogeneity among FRP vesicles. Thus, vesicles with an intrinsically lower release probability predominate after low frequency stimulation and undergo facilitation during the onset of subsequent high-frequency trains. Facilitation in the predepressed state of the synapse might help to stabilize the amount of transmitter release at the onset of high-frequency firing at these auditory synapses.
Introduction
The strength of synaptic transmission can vary during repetitive presynaptic activity and depends heavily on the previous activity of a synapse (Zucker and Regehr, 2002) . Presynaptic spike trains can cause either a transient decrease or a transient increase in the strength of synaptic transmission. These two elementary forms of synaptic short-term plasticity-termed depression and facilitation-coexist at most synapses, but relatively little is known about how both forms of plasticity can interact with each other.
The calyx of Held, a large glutamatergic synapse located in the auditory brainstem circuit that computes sound-source localization, shows depression over a wide range of stimulation frequencies (Borst et al., 1995; von Gersdorff et al., 1997; Wang and Kaczmarek, 1998; Iwasaki and Takahashi, 2001 ). Depletion of a pool of readily releasable vesicles is regarded as the major mechanism underlying presynaptic forms of depression (Liley and North, 1953; von Gersdorff et al., 1997; Foster and Regehr, 2004) , but it has also been proposed that depression is caused by a reduction of the release probability of any given readily releasable vesicle (Betz, 1970; Wu and Borst, 1999) . Due to its large size, the calyx of Held affords an optimal experimental access to study presynaptic mechanisms of transmitter release and short-term plasticity. Studies using presynaptic voltage-clamp or Ca 2ϩ uncaging combined with EPSC deconvolution have shown that prolonged presynaptic Ca 2ϩ stimuli induce a fast and a slow release component, demonstrating that the readily releasable pool can be subdivided into a fast-releasable vesicle pool (FRP) and a slowly releasable vesicle pool (SRP) Wadel et al., 2007; Wölfel et al., 2007) . The fast release component at the calyx of Held, which has a half-width of only ϳ0.5 ms (Schneggenburger and Neher, 2000; Taschenberger et al., 2005 ) is thought to be carried exclusively by FRP vesicles (Sakaba, 2006) . However, it is unknown whether a heterogeneity of release probabilities between vesicles that carry action potential (AP)-driven release influences the short-term plasticity behavior of synapses, as postulated in a theoretical study (Trommershäuser et al., 2003) . Also, the calyx of Held is not a purely depressing synapse, as facilitation can be uncovered under conditions of artificially lowered release probability (Felmy et al., 2003; Müller et al., 2007) . However, the relevance of facilitation at this and other depressing synapses has remained unclear.
In most studies, the short-term plasticity of CNS synapses has been studied by using trains of stimuli applied after relatively long stimulation pauses (tens of seconds). However, in vivo, neurons in the auditory brainstem fire spontaneously at a mean frequency of ϳ10 -30 Hz even in the absence of sound, and sound stimulation can transiently increase AP frequency to several hundred hertz (Sommer et al., 1993; Kopp-Scheinpflug et al., 2003; Hermann et al., 2007; Sonntag et al., 2009 ). In the present study, we used the most basic stimulation protocol designed to mimic the effect of spontaneous AP firing on short-term plasticity: a brief low-frequency train (10 or 20 Hz) to predepress synaptic transmission, followed immediately by a high-frequency train (see also Hermann et al., 2007) . When applying this protocol to calyx of Held synapses in slices of young rats, we found that high-frequency trains (100 -200 Hz) caused robust facilitation of transmitter release relative to the predepressed level. This facilitation in the predepressed state of the synapse is caused by a presynaptic Ca 2ϩ -dependent facilitation mechanism that acts on a partially depleted FRP in which vesicles with ϳ2-fold slowed release kinetics remain.
Materials and Methods
Slice preparation and electrophysiology. Transverse brainstem slices containing the medial nucleus of the trapezoid body (200 m thickness) were prepared from 8-to 10-day-old Wistar rats using a Leica VT1200 slicer. Animal handling and experimental procedures were approved by the Veterinary Office of the Canton of Vaud, Lausanne, Switzerland. The extracellular solution contained the following (in mM): 125 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 25 glucose, 0.4 ascorbic acid, 3 myo-inositol, and 2 Na-pyruvate, ϳ320 mOsm, pH 7.4 when bubbled with carbogen gas (95% O 2 , 5% CO 2 ). For afferent fiber stimulation experiments (See Figs. 1, 2, and supplemental Figs. 1, 2, available at www.jneurosci.org as supplemental material), 100 M cyclothiazide (CTZ; Tocris Bioscience), 2 mM ␥-D-glutamylglycine (␥-DGG), 10 M bicuculine, and, in some experiments, 2 M strychnine were added to the extracellular solution. For paired presynaptic and postsynaptic recordings (see Figs. 3-6), we added 100 M CTZ, 2 mM ␥-DGG, 10 mM tetraethylammonium chloride (TEA-Cl), 1 M tetrodotoxin, and 50 M D-2-amino-5-phosphonovaleric acid (D-APV) to the extracellular solution. The intracellular solution used for most presynaptic and postsynaptic recordings contained the following (in mM): 135 Cs-gluconate, 20 TEA-Cl, 10 HEPES, 5 Na 2 -phosphocreatine, 4 MgATP, 0.3 Na 2 GTP. To this solution, 5 mM EGTA was added for postsynaptic recordings or 75 M EGTA for presynaptic recordings. For the Ca 2ϩ imaging experiments, fura-2, EGTA, and fura-6F were added to the Csbased intracellular solution at the indicated concentrations (see Fig. 4 ). The presynaptic solution for the Ca 2ϩ uncaging experiments (see Fig. 6 ) contained the following (in mM): 120 Cs-gluconate, 20 TEA-Cl, 20 HEPES, 5 Na 2 ATP, 0.3 Na 2 GTP, 1.5 DM-nitrophen, 1.2 CaCl 2 , 0.4 MgCl 2 , and 0.1 fura-2FF. All experiments were conducted at room temperature (21Ϫ24°C).
Presynaptic and postsynaptic whole-cell recordings were made from calyx of Held synapses using an EPC-10/2 double patch-clamp amplifier (HEKA Elektronik). Series resistances (R s ) were 15-30 M⍀ (55% compensation) during presynaptic recordings and 3-10 M⍀ (compensation up to 90%) during postsynaptic recordings. The remaining R s error of postsynaptic currents was corrected by an off-line routine (Meyer et al., 2001) . Presynaptic Ca 2ϩ current traces are shown after a p/5 correction of leak and capacitive currents (see Figs. 3, 5, 6) .
For afferent fiber stimulation, the presynaptic axons were stimulated with a custom-made platinum-iridium bipolar electrode that was placed close to the midline of the brainstem slice. Presynaptic and postsynaptic APs were first recorded extracellularly to preselect a synapse that was amenable to midline stimulation (Borst et al., 1995; Meyer et al., 2001) . During paired recordings (see , the terminals were stimulated with trains of brief presynaptic depolarizing steps from Ϫ70 to ϩ28 mV. In each recording, the length of these steps (range, 0.8 -2.5 ms across all cells) was chosen such that the resulting first EPSC amplitudes were in the range of 3-6 nA, similar to that observed after afferent fiber stimulation. Each train stimulation sweep was separated from the preceding one by at least 40 s.
Ca 2ϩ uncaging and Ca 2ϩ imaging. Presynaptic Ca 2ϩ uncaging was done similarly as described previously (Schneggenburger and Neher, 2000; Wölfel et al., 2007; Kochubey and Schneggenburger, 2010) . Here, we used a SP20 flash lamp (Rapp Optoelectronic) with a brief flash (halfwidth, 0.45 ms) that was coupled into a dual epifluoresence port (TILL Photonics) adapted to the microscope (Olympus BX 50 WI). The resulting presynaptic [Ca 2ϩ ] i signal was imaged using fura-2FF (Invitrogen), which was excited at 350 and 380 nm by a monochromator (exposure time 5 ms; Polychrome IV; TILL Photonics). The emitted fluorescence was detected by a 12-bit CCD camera (8 ϫ 15 on-chip binning). The intensity of the flash was attenuated by neutral density (ND) filters aimed at producing [Ca 2ϩ ] i elevations of similar amplitudes between control flashes and flashes following 20 Hz trains (see Fig. 6 ).
Images were analyzed off-line, and [Ca 2ϩ ] i was calculated from the background-corrected fluorescence ratios (350/380 nm) (Grynkiewicz et al., 1985) . The necessary calibration constants were obtained from a calibration procedure that is described in detail by Kochubey and Schneggenburger (2010) . Data analysis and model calculations. Presynaptic Ca 2ϩ currents were integrated to obtain Ca 2ϩ charge values (Q Ca ) (for details, see Müller et al., 2008) . The relative Q Ca facilitation during conditioned high-frequency trains (166 or 200 Hz) (see Fig. 3C , bottom) was calculated by dividing the maximal Q Ca during the high-frequency train by the control Q Ca value, taken as the average of the first stimulus of the high-frequency train and the last stimulus of the preceding 20 Hz train. For "control" high-frequency trains, the maximal Q Ca was normalized to the first Q Ca .
To analyze the EPSC amplitudes during stimulus trains, we fitted the decay of each EPSC with an exponential function that was extrapolated to the time corresponding to the minimum (the peak) of the next EPSC. The EPSC amplitude was then calculated as the difference between the peak and the corresponding point of the extrapolated fit to avoid an influence of the remaining current from the preceding EPSC on the estimation of EPSC amplitudes. For "conditioned" 200 Hz trains (see Fig.  1 A) , facilitation was calculated by first constructing a curve of EPSC amplitudes versus stimulus number (see Fig. 1C ). Next, the values were normalized to the last two EPSCs preceding the high-frequency train to yield EPSC amplitude relative to the predepressed level (see Fig. 1 D, red trace). Facilitation during the control high-frequency trains was calculated by normalizing to the first EPSC amplitude (Fig. 1 D, black trace) .
Transmitter release rates (see Figs. 5, 6) were extracted from EPSCs by EPSC deconvolution using the methods developed by Neher and Sakaba (2001) . The deconvolution analysis assumed that miniature EPSCs (mEPSCs) with double-exponential decay (Schneggenburger and Neher, 2000) add linearly to produce evoked EPSCs, and the derived release rates were corrected for a current component created by glutamate spillover ) (see below). In each cell, the parameters of the mEPSC decay were obtained from a double-exponential function that was fitted to the decay of small (1-2 nA) EPSCs evoked by brief presynaptic depolarizations. Under our experimental conditions (100 M CTZ, 2 mM ␥-DGG), the mEPSC amplitude was assumed to be 15 pA across cells (Scheuss et al., 2002) . The "residual" current caused by glutamate spill over was estimated by fitting with a simple model of glutamate diffusion ) using parameters found through iterative deconvolution of EPSCs responses to "fitting protocols" (Neher and Sakaba, 2001, their Fig. 12 ). The release rates derived by this analysis were integrated to obtain cumulative release rate time courses without correction for an assumed refilling process. The traces of cumulative release were fitted with single exponentials, double exponentials, or combinations of exponentials and lines for 50 -100 ms following the stimulus onset (for details, see Wölfel et al., 2007) .
For the prediction of the fast release time constant as a function of [Ca 2ϩ ] i (see Fig. 6 D) , Ca 2ϩ -dependent transmitter release was modeled by an allosteric model of Ca 2ϩ binding and vesicle fusion . We assumed a single pool of fast-releasable vesicles (1500 vesicles) and drove the model with the previously calculated [Ca 2ϩ ] i waveform expected for the fast flash lamp (Kochubey et al., 2009) 
Results
Short-term facilitation in the predepressed state of the synapse We investigated the short-term plasticity behavior of the calyx of Held synapse with a stimulus protocol in which a high-frequency train is preceded by a "conditioning" stimulus train of a lower frequency (10 or 20 Hz; see Introduction). In the experiment shown in Figure 1 A, we applied afferent fiber stimulation at 20 Hz that was immediately followed by a 200 Hz train. The 20 Hz train induced EPSC depression, such that the 10th EPSC was depressed to 38% of the first EPSC amplitude (Fig. 1A1) ; on average, depression was 27 Ϯ 5% of the control EPSC amplitude (n ϭ 5 cells). When the stimulation frequency was instantaneously increased to 200 Hz, we observed a pronounced facilitation of the EPSC amplitude early during the 200 Hz train (Fig.  1 A2, arrowhead) . Maximal facilitation, which typically occurred during the second or third stimulus, was 198 Ϯ 11% of the first EPSC amplitude of the 200 Hz train (Fig. 1 E, right bar) .
We next compared this facilitation in the predepressed state of the synapse with the response to a 200 Hz train applied after a long stimulation pause (Ͼ40 s), a condition that we will refer to as the "naive" state of the synapse (Fig. 1 B) . In plots of absolute and normalized EPSC amplitudes versus stimulus number, it can be seen that facilitation in the predepressed state was larger than that in the naive synapse (Fig. 1C,D) . On average, the maximal facilitation in the naive state of the synapse was only 138 Ϯ 27% of control (n ϭ 5 cells) ( Fig.  1 E, left bar), significantly smaller than facilitation in the predepressed state ( p ϭ 0.04; see Fig. 1 E, right bar). Also, facilitation in the predepressed state lasted longer than the relatively brief facilitation seen under control conditions (Fig. 1 D) .
The finding of a preferential facilitation in the partially depressed state of the synapse is unexpected in light of simple depletion models of depression (Liley and North, 1953; Weis et al., 1999; Foster and Regehr, 2004) . If one assumes that depression during the 20 Hz train is exclusively mediated by depletion of synaptic resources, then one would expect to observe a faster rate of depression upon increasing of the stimulation frequency. Our observation of a robust facilitation during the onset of a high-frequency train might therefore indicate that not all readily releasable vesicles available to AP stimuli were released equally efficiently during the low-frequency train. In what follows, we will first investigate the mechanism of facilitation in the predepressed state of the synapse (see Figs. 2-4) and then address the question of why the release machinery in the predepressed state is more prone to facilitation as compared with the naive state (see Figs. 5, 6 ).
Fast decay time of facilitation in the predepressed state
High-frequency stimulation following a low-frequency train caused facilitation very effectively, whereas facilitation is nearly absent during 10 or 20 Hz trains ( Fig. 1 ; see also supplemental Fig.  1 , available at www.jneurosci.org as supplemental material). This is probably caused by a fast decay rate of facilitation, such that facilitation would only build up significantly during highfrequency trains. To test this prediction, we next measured the decay of facilitation in the predepressed state of the synapse by using a paired-pulse paradigm (Fig. 2) . We predepressed synaptic transmission with a 10 Hz train of 10 stimuli and then applied an 11th stimulus at a variable time interval (⌬t; 4 -100 ms) ( Fig. 2 A, B) . This protocol revealed strong facilitation at the shortest interval of 4 ms following the 10 Hz train, and facilitation then decayed back to the predepressed level of EPSC amplitudes within ϳ50 -100 ms ( Fig. 2 B, C) . The decay of facilitation was approximated by exponential fits, yielding an average decay time constant of 28 Ϯ 5 ms (n ϭ 6 cells) (Fig. 2D ). Thus, a fast-decaying facilitation mechanism increases the EPSC amplitude in the depressed state of the synapse, in between two subsequent stimuli applied at a "low" frequency of ϳ10 Hz.
When we probed the paired-pulse ratio of EPSC amplitudes in the naive state, we observed net paired-pulse depression at all intervals in the recording illustrated in Figure 2C (open symbols). At an interval of 10 ms, the paired-pulse ratio was significantly larger in the predepressed state as compared with naive synapses (Fig. 2 E) (n ϭ 7 cells; p ϭ 0.0015). In a subset of the cells (n ϭ 4 cells, including the example in Fig. 2 ), the preceding low frequency train converted paired-pulse depression observed in the naive state to net paired-pulse facilitation. Thus, these experiments again show that facilitation is larger in the predepressed state as compared with the naive state (see also Fig. 1) . Second, these experiments show that the underlying mechanism of facilitation has a fast decay time constant of ϳ30 ms.
Facilitation in the depressed state is not mediated by Ca

2؉
current facilitation Activity-dependent changes of presynaptic Ca 2ϩ currents have been proposed to play a role in short-term depression (Xu and Wu, 2005) and in facilitation of transmitter release (Inchauspe et al., 2007; Mochida et al., 2008) (but see Müller et al., 2008) . By employing paired presynaptic and postsynaptic whole-cell recordings, we next investigated whether facilitation in the predepressed state of the synapse could be caused by Ca 2ϩ current facilitation. In these experiments (Fig. 3) , transmitter release was evoked by brief AP-like presynaptic voltage-clamp steps to ϩ28 mV. The lengths of the steps (range, 0.8 -2.5 ms in different cell pairs) were adjusted in each cell pair such that EPSCs of 3-6 nA were evoked, a similar amplitude range to EPSCs observed with afferent fiber stimulation (Fig. 1) . A 20 Hz train of such brief depolarizations induced depression of EPSCs, followed by facilitation during the onset of the high-frequency train (Fig. 3 A, B) . In contrast, applying a high-frequency train alone induced net depression throughout the train (Fig. 3B, top, black symbols) . In a plot of the relative EPSC amplitudes during the 200 Hz trains, it is seen that facilitation (relative to the first EPSC amplitude of the high-frequency train) was again much larger in the predepressed state than in the naive synapse (Fig. 3C , top, compare red and black data points). On average, the maximal facilitation in the predepressed state of the synapse was 197 Ϯ 16% (n ϭ 6 cell pairs) (Fig. 3D, right bar) , whereas without the preceding 20 Hz train, high-frequency trains induced net depression of the second EPSC (85 Ϯ 12%) (Fig. 3D , left bar) ( p Ͻ 0.001). Thus, the preferential facilitation in the predepressed state of the synapse was also observed during paired presynaptic and postsynaptic recordings.
We next analyzed the Ca 2ϩ current charge (Q Ca ) for each step depolarization (see Materials and Methods) to assess the amount of Ca 2ϩ current modulation. During low frequency stimulation, presynaptic Ca 2ϩ currents showed cumulative inactivation down to 88 Ϯ 2% of control at the end of the 20 Hz train (Fig. 3B , left, bottom), confirming previous results in young rats (Xu and Wu, 2005; Nakamura et al., 2008) . During the subsequent highfrequency trains (166 Hz), the Ca 2ϩ current charge partially recovered due to a slight Ca 2ϩ current facilitation relative to the first pulse of the high-frequency train (Fig. 3B , bottom, right, compare step 1 and step 5 of the high-frequency train). However, the Ca 2ϩ current facilitation was small, averaging 103 Ϯ 3% of the first Ca 2ϩ current of the high-frequency train (n ϭ 6 paired recordings).
To estimate the influence of changes in Ca 2ϩ currents on transmitter release, we took the relative Ca 2ϩ current facilitation and elevated it to the power of 3.5 (Xu and Wu, 2005; Müller et al., 2008) . This showed that Ca 2ϩ current facilitation alone does not predict a significant release facilitation (Fig. 3C, dashed red line) . In addition, Ca 2ϩ current facilitation was maintained during the highfrequency trains (Fig. 3C, bottom) , whereas the EPSCs showed a sequence of facilitation followed by net depression after ϳ10 stimuli (Fig. 3C, top) . Thus, Ca 2ϩ current facilitation cannot explain the short-term plasticity of EPSCs seen during the onset of high-frequency trains in the predepressed synapse.
We also determined whether part of the EPSC depression seen during the conditioning low-frequency trains could be caused by Ca 2ϩ current inactivation (Forsythe et al., 1998; Xu and Wu, 2005) by again taking the relative Ca 2ϩ current to the 3.5th power (Fig. 3B, dashed red line) . This analysis suggests that Ca 2ϩ current inactivation alone accounts for depression to ϳ64% (0.88 3.5 ) at the end of the 20 Hz train, whereas the observed depression was much stronger (to ϳ33% of control) (Fig.  3B, top) . Therefore, a mechanism downstream of Ca 2ϩ current inactivation, like depletion of readily releasable vesicles, is needed to fully explain the observed depression during low-frequency stimulation. Indeed, we show below that the pool of fastreleasable vesicles is depleted to ϳ30 -40% of control by a 20 Hz train (see Figs. 5, 6 ). (Katz and Miledi, 1968; Atluri and Regehr, 1996; Zucker and Regehr, 2002; Müller et al., 2007) . To determine whether facilitation in the predepressed state is also caused by residual [Ca 2ϩ ] i , we next imposed different conditions of presynaptic Ca 2ϩ buffering by using EGTA or the fast Ca 2ϩ -buffer fura-2 in the presynaptic patch pipette. Control measurements were done with a low concentration of EGTA (75 M) to mimic the intracellular mobile Ca 2ϩ buffer present in calyces of Held (Müller et al., 2007) and with 100 M of the low-affinity Ca 2ϩ indicator fura-6F to image [Ca 2ϩ ] i . This Ca 2ϩ buffer condition should not significantly influence the intracellular Ca 2ϩ buffering strength of calyces of Held (Helmchen et al., 1997; Müller et al., 2007) .
In these experiments, we again applied a 20 Hz train of brief presynaptic depolarizations to predepress the synapse, followed immediately by a 200 Hz train (Fig. 4 A) . With 75 M EGTA in the presynaptic patch pipette (control conditions), the spatially averaged [Ca 2ϩ ] i remained below 1 M during the 20 Hz train (Fig.  4 A, top) . When the stimulation frequency was increased to 200 Hz, the spatially averaged [Ca 2ϩ ] i quickly rose and reached a value of 6.0 Ϯ 1.3 M at the end of the 200 Hz train (n ϭ 6 cells) (Fig. 4 A) (see also Korogod et al., 2005) . Under these control conditions, the EPSCs transiently facilitated to ϳ180% early during the 200 Hz train (Fig. 4 A, bottom, arrow; D, black data points).
When we used 1 mM EGTA in the presynaptic patch pipette in addition to 100 M fura-6F, the buildup of spatially averaged [Ca 2ϩ ] i during the 20 Hz train was reduced, but during the onset of the highfrequency train, [Ca 2ϩ ] i increased almost as rapidly as it did under control conditions (Fig. 4 B, top) . Under these conditions, facilitation in the predepressed state was still observed (Fig. 4 B, bottom, arrow ; D, blue trace). Finally, we used fura-2 (1 mM) to test the effect of a fast BAPTA-like Ca 2ϩ buffer on synaptic facilitation. With 1 mM fura-2 (which was used to measure the presynaptic [Ca 2ϩ ] i at the same time), the increase in [Ca 2ϩ ] i , as well as the facilitation during the high-frequency train, was strongly reduced (Fig. 4C , arrow, D, red trace). Averaged over all cells investigated with this protocol, we found that under control conditions (75 M EGTA; n ϭ 6 paired recordings) and with 1 mM EGTA (n ϭ 3 pairs), facilitation during the onset of the 200 Hz train was large (ϳ200%) and not significantly different (Fig. 4 E1, black and blue bars) ( p ϭ 0.46). With 1 mM fura-2, however, facilitation was only 114 Ϯ 7% (n ϭ 5 pairs) of the first EPSC amplitude during the 200 Hz train, significantly smaller than under control conditions ( p ϭ 0.0016) (Fig. 4 E1, red bar) .
We next quantified the presynaptic [Ca 2ϩ ] i at the time point of maximal facilitation. Maximal facilitation usually occurred during the second, third, or fourth stimulus of the 200 Hz train. The [Ca 2ϩ ] i values at the time of maximal facilitation were 0.9 Ϯ 0.1 M, 0.68 Ϯ 0.1 M, and 0.24 Ϯ 0.06 M for control, 1 mM EGTA, and 1 mM fura-2, respectively (Fig. 4 E2 , black, blue, and red bar, respectively). Thus, the observation that 1 mM EGTA did not suppress facilitation in the predepressed state might be explained by the finding that EGTA did not strongly prevent the spatially averaged [Ca 2ϩ ] i rise during the onset of the highfrequency train. In addition, the rise of [Ca 2ϩ ] i at the sites of vesicle fusion might be even less affected by the slowly binding Ca 2ϩ buffer EGTA. These experiments show that facilitation in the predepressed state depends on the build-up of residual [Ca 2ϩ ] i in the nerve terminal. Overall, facilitation in the predepressed state of the synapse shares many properties with PPF studied at the calyx of Held (Felmy et al., 2003; Müller et al., 2008 ) (see Discussion).
Vesicles remaining in the FRP have slower release kinetics
We have established that during depression evoked by lowfrequency trains, facilitation of transmitter release can be more easily evoked (Figs. 1-4) . What causes this increased susceptibility of the release machinery to short-term facilitation? Since facilitation can, in general, be observed more readily under conditions of lowered initial release probability (Zucker and Regehr, 2002) , facilitation in the predepressed state of the synapse might indicate that those vesicles that remain in the readily releasable pool following low-frequency stimulation have a lower release probability. We therefore next probed the filling state of the readily releasable pool following 20 Hz trains, as well as the release kinetics of the remaining vesicles, by applying prolonged pooldepleting presynaptic depolarizations.
In simultaneous presynaptic and postsynaptic recordings, 20 Hz trains of brief depolarizations were followed by long (30 or 50 ms) depolarizations to 0 mV, which should release the readily releasable pool (Fig. 5A) . As a control, pool-depleting stimuli were given in the naive state of the synapse (Fig. 5B,  black traces) . Following a 20 Hz train, the EPSC in response to the pool-depleting depolarization was reduced in amplitude (Fig.  5B, bottom, red trace) , indicating that the 20 Hz train caused a partial depletion of the readily releasable pool. Interestingly, the EPSC in response to the pool-depleting depolarization following the 20 Hz train also had a slower rising phase, which was revealed more clearly by scaling the predepressed EPSC to the control EPSC ( To analyze the slowing of the transmitter release kinetics quantitatively, we deconvolved the EPSCs to obtain transmitter release rates (Schneggenburger and Neher, 2000; Neher and Sakaba, 2001 ) (see Fig. 5C , inset) and subsequently integrated the release rate traces (Fig. 5C ). The resulting traces of cumulative release required double-exponential fits, demonstrating that release in response to prolonged presynaptic depolarizations occurred in a fast and a slow phase , likely mediated by the release of readily releasable vesicles of two distinct subpools, the FRP and the SRP. The number of vesicles released in the fast component was significantly reduced following predepression induced by the 20 Hz train (to 44 Ϯ 5% of control; p Ͻ 0.001) (Fig. 5D ). This indicates that depression induced by a 20 Hz train is, to a large part, caused by depletion of the FRP. At the same time, the release of the remaining FRP vesicles was slowed. We found that the time constant of the fast release component ( fast ) was 3.0 Ϯ 0.8 ms under control conditions and 4.0 Ϯ 0.8 ms after predepression, respectively (Fig. 5E ) (n ϭ 5 pairs; p ϭ 0.0098).
Intrinsically decreased release kinetics of vesicles remaining in the FRP
The slowing of release from the FRP following partial pool depletion by a 20 Hz train (Fig. 5 ) could indicate that low-frequency stimulation preferentially releases FRP vesicles with a high release probability, leaving behind FRP vesicles with slower release kinetics and, thus, lower release probabilities. Such a preexisting heterogeneity between FRP vesicles could be caused either by a differential colocalization of vesicles with respect to Ca 2ϩ channels or by differences between the intrinsic release kinetics of FRP vesicles. To distinguish between these possibilities, we stimulated release by presynaptic Ca 2ϩ uncaging, which generates a spatially homogeneous [Ca 2ϩ ] i signal in the nerve terminal (Naraghi et al., 1998; Wölfel et al., 2007) . Therefore, if the observed slowing of the release kinetics is caused by intrinsic differences between FRP vesicles, then it should also be visible with Ca 2ϩ uncaging. In these experiments, a 20 Hz train of AP-like depolarizations was now followed by a Ca 2ϩ uncaging stimulus to release the remaining readily releasable vesicles (Fig. 6 A) . In the example of Figure 6 , Ca 2ϩ uncaging caused a presynaptic [Ca 2ϩ ] i step to ϳ11 M, as measured by the Ca 2ϩ indicator fura-2FF (Fig. 6 B,  top) , and evoked an EPSC with an amplitude of ϳ4 nA (Fig. 6 B,  bottom, red trace) . A control flash given without a preceding 20 Hz train induced a comparable [Ca 2ϩ ] i step to ϳ11 M, which ] i ) (E2). Black bars: 75 M EGTA and fura-6F (n ϭ 6 paired recordings); blue bars: 1 mM EGTA and fura-6F (n ϭ 3 pairs); red bars: 1 mM fura-2 (n ϭ 5 pairs). Note that both the maximal facilitation and the increase in spatially averaged [Ca 2ϩ ] i were significantly smaller with 1 mM fura-2 as compared with the two other conditions.
evoked an EPSC of ϳ13 nA amplitude (Fig. 6 B; black traces). In this recording, comparable [Ca 2ϩ ] i steps under both conditions, despite the preceding Ca 2ϩ influx during the conditioning 20 Hz train, were achieved by controlling the flash light intensity with neutral density filters (see Materials and Methodss). In addition to causing a decrease in the flash-evoked EPSC amplitude, the 20 Hz stimulation led to a slowing of the EPSC rise time, which was revealed more clearly by scaling the conditioned EPSC trace to the peak of the control EPSC (Fig. 6 B, dotted red trace) . In this example, the 20 -80% rise time of the flash-evoked EPSC was 0.84 ms under control conditions and 1.28 ms following the conditioning 20 Hz train. This suggests that the heterogeneity between the FRP vesicles found with presynaptic depolarizations (see above) (Fig. 5) is caused by intrinsic differences between FRP vesicles.
To analyze the slowing of the fast release component in more detail, we deconvolved the flash-evoked EPSCs to derive transmitter release rates and traces of cumulative release (Fig. 6C) . The large majority of the cumulative release traces required doubleexponential fits, indicating that Ca 2ϩ uncaging evoked both a fast and a slow release component (Wölfel et al., 2007; Kochubey et al., 2009) . Following 20 Hz stimulation, the amplitude of the fast release component, which reflects release from the FRP, was significantly reduced from 1669 Ϯ 103 vesicles under control conditions to 652 Ϯ 82 vesicles following the 20 Hz train (n ϭ 17 cell pairs with Ca 2ϩ uncaging; p Ͻ 0.001). In addition, in the example of Figure 6 A-C, the fast-release time constant was 1.9 ms for the control flash but only 3.4 ms for the flash given after the conditioning 20 Hz train (Fig. 6C , compare black and red cumulative release traces). This suggests that the FRP vesicles that remain after 20 Hz stimulation have intrinsically slower release kinetics.
The transmitter release time constant shows a steep inverse dependency on [Ca 2ϩ ] i (Heinemann et al., 1994; Wölfel et al., 2007) . Since it was not always possible to achieve identical postflash [Ca 2ϩ ] i values for control conditions and following the 20 Hz trains, we next plotted the fast release time constants as a function of the postflash [Ca 2ϩ ] i for all cell pairs investigated here (Fig. 6 D, closed and open symbols for control and conditioned responses, respectively). This plot shows, first, that the fast release time constant is steeply dependent on [Ca 2ϩ ] i . Second, most of the data points following the 20 Hz train are shifted toward larger time constants (Fig. 6 D, compare open and  closed symbols) . To analyze this shift more carefully, we first fitted the relationship between the fast release time constant and [Ca 2ϩ ] i with a model of Ca 2ϩ binding and vesicle fusion (Fig. 6 D, line) (see Materials and Methods). We then computed the ratio between the data points and the fit line (Fig. 6 E) . In this plot, the control data points fluctuated around the fit prediction, as expected (Fig. 6 E) (0.92 Ϯ 0.05 fold; n ϭ 33 flashes). On the contrary, the data obtained in the predepressed state of the synapse were on average 1.85 Ϯ 0.16-fold slower (Fig.  6 E, open data points; n ϭ 28 flashes) (Fig. 6 E, red average data points). The difference between the relative time constant following 20 Hz stimulation and a hypothetical value of 1 was highly significant ( p Ͻ 10 Ϫ5 ; one-sample Student's t test). In addition, we separately analyzed the absolute fast release time constants ( fast ) for two ranges of postflash [Ca 2ϩ ] i (Fig. 6 F) . This analysis again revealed a significant increase of fast following the conditioning 20 Hz trains for both [Ca 2ϩ ] i ranges (Fig. 6 F) ( p ϭ 0.002 and 0.01).
Taken together, the Ca 2ϩ uncaging data demonstrate that 20 Hz trains lead to a partial depletion of the FRP, and that the release kinetics of the remaining FRP vesicles (approximately one-third of all FRP vesicles) are intrinsically slower by a factor of ϳ2 with respect to control. These findings indicate that following low-frequency stimulation, FRP vesicles with a lower release probability remain and then likely undergo facilitation during the onset of a subsequent high-frequency train. currents (I Ca ; middle) and EPSCs (bottom) elicited by a 20 Hz train of presynaptic depolarizations to ϩ28 mV followed by a long depolarization (to ϩ80 mV for 3 ms and to 0 mV for 50 ms; top). B, Presynaptic Ca 2ϩ currents (top) and EPSCs (bottom) in response to a long depolarization that was preceded by a 20 Hz train (red traces) and to a control depolarization given in the naive state (black traces). Note that the predepressed EPSC rose more slowly than the control EPSC, as seen from the peak-scaled trace (red dashed trace; bottom). C, Transmitter release rates ( 
Discussion
We found that a depressing synapse, the calyx of Held, shows robust facilitation of transmitter release at the onset of highfrequency trains, given that the synapse was predepressed by a preceding lowfrequency train (ϳ10 -20 Hz). Since facilitation is, in general, observed more readily under conditions of low release probability, the increased facilitation in the predepressed state indicates a lower release probability of those vesicles that remain in the readily releasable pool. We show that facilitation in the depressed state of the synapse was not caused by Ca 2ϩ current facilitation but depended on the buildup of residual free [Ca 2ϩ ] i in the nerve terminal. A key observation was that following low-frequency trains, the rise time of EPSCs evoked by pooldepleting depolarizations and by Ca 2ϩ uncaging stimuli was slowed, indicating that vesicles with slower intrinsic release kinetics remained after partial depletion of the FRP. Thus, heterogeneity of release probabilities between readily releasable vesicles, together with a Ca 2ϩ -dependent facilitation mechanism, allows the synapse to recruit extra synaptic strength at the transition from low-to high-frequency activity.
Mechanism of facilitation in the depressed state of the synapse
The facilitation in the predepressed state of the synapse that we discovered here shared many properties with paired-pulse facilitation of transmitter release that can be observed under conditions of reduced initial release probability at the calyx of Held. Thus, facilitation in the predepressed state had an amplitude of ϳ150 -200% of control (Figs. 1-4) , only slightly smaller than that of paired-pulse facilitation studied under reduced initial release probability (ϳ200 -220%) (Müller et al., 2007) . Second, the decay time constant of facilitation in the predepressed state was fast (28 ms) (Fig. 2) , similar to that of paired-pulse facilitation (ϳ30 ms) (Mül-ler et al., 2007) . Third, facilitation was strongly suppressed by adding the fast, BAPTA-like Ca 2ϩ buffer fura-2 to the presynaptic nerve terminal (Fig. 4) . This shows that facilitation in the predepressed state is caused by a presynaptic mechanism and depends on the buildup of presynaptic residual [Ca 2ϩ ] i , similarly as paired-pulse facilitation (Mü ller et al., 2008; Hori and Takahashi, 2009) .
Previous work has suggested that facilitation of transmitter release could be, to a large part, mediated by Ca 2ϩ current facilitation (Inchauspe et al., 2007; Mochida et al., 2008) . In contrast, a recent study at the calyx of Held found only a limited contribution of Ca 2ϩ current facilitation to paired-pulse facilitation (40% or less) and concluded that the majority of facilitation (ϳ60%) is a process that tracks the rapid decay of residual [Ca 2ϩ ] i independently of Ca 2ϩ current facilitation (Müller et al., 2008) . Here, we observed only little presynaptic Ca 2ϩ current facilitation when we increased the stimulation frequency from 20 Hz to 200 Hz (Fig. 3) . Thus, facilitation in the predepressed state of the synapse is largely independent of Ca 2ϩ current facilitation and is probably mediated by a fast-equilibrating, high-affinity Ca 2ϩ binding site (Atluri and Regehr, 1996; Tang et al., 2000) and/or by Ca 2ϩ buffer saturation (Blatow et al., 2003; Felmy et al., 2003) (Müller et al., 2008 , their Discussion). The rapid decay kinetics of this facilitation mechanism (ϳ30 ms), which is caused by the fast decay of residual free [Ca 2ϩ ] i in the nerve terminal (Müller et al., 2007), implies that short-term facilitation will only build up significantly when the stimulation frequency exceeds a value of ϳ1/ or ϳ30 Hz. This expectation was borne out in experiments with EGTA-AM, which selectively suppressed the facilitation component of short-term plasticity during high-frequency trains (100 Hz) but left short-term depression during 10 Hz stimulation largely unaffected (see supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Thus, because of its fast decay kinetics, facilitation is well suited to detect an increase in synaptic activity from low to high frequency.
Pool depletion and a shift toward more slowly releasable FRP vesicles Using pool-depleting depolarizations and Ca 2ϩ uncaging, we showed that synaptic depression induced by 10 -20 Hz trains leads to a partial depletion of the fast-releasable vesicle pool FRP (to ϳ40% of control) (Fig. 5) . At the same time, Ca 2ϩ uncaging experiments demonstrated that the remaining FRP vesicles were released with a 1.5-to 2-fold slower intrinsic release kinetics (Fig.  6 ). Interestingly, a recent study found a frequency-dependent slowing of the EPSC rise time in fiber stimulation experiments (Fedchyshyn and Wang, 2007 ) that might be caused by the same mechanism. We interpret the slowing of the fast release component seen in Ca 2ϩ uncaging experiments as evidence for a preexisting heterogeneity of release kinetics among FRP vesicles. We cannot entirely exclude, however, that adaptation of the release machinery could cause a slowing of the fast release component (see also Hsu et al., 1996; Wölfel et al., 2007) . Regardless of the exact mechanism, slower release is expected to translate into lower release probability during AP stimulation. These remaining, more slowly releasable vesicles most likely undergo facilitation during the onset of a subsequent high-frequency train, in keeping with the idea that facilitation can be observed more easily under conditions of low release probability (Zucker and Regehr, 2002) .
Previous work at the calyx of Held demonstrated that EPSCs that are evoked during the recovery phase following (partial) pool depletion have a slower rise time, indicating slowed release kinetics (Wu and Borst, 1999) . Subsequently, Sakaba and Neher (2001) introduced EPSC deconvolution, which allowed them to distinguish between a fast and a slow component of release, likely driven by FRP and SRP vesicles. They concluded that the slowed EPSC rise time seen after partial pool depletion was caused by selective depletion of FRP vesicles relative to SRP vesicles Fig. 3 ), but they did not consider a slowing of the release kinetics of the FRP. Our findings indicate an additional heterogeneity among FRP vesicles. Thus, the slowing of depolarization-evoked EPSCs observed by Wu and Borst (1999) might be caused by two mechanisms: by a selective predepletion of FRP vesicles relative to SRP vesicles ), as well as by an additional slowing of the remaining FRP vesicles (this study). The slowing of the release kinetics of FRP vesicles described here is highly relevant for AP-evoked release and its short-term plasticity, since FRP vesicles carry the phasic release during APs (Sakaba, 2006) .
The recovery of very fast-releasable vesicles probably takes several seconds, as suggested by the slow recovery of the EPSC rise time and AP-induced EPSCs (Wu and Borst, 1999) . Additional evidence for a slow process of maturation of high-p vesicles comes from a knock-out study of Rab3 proteins in hippocampal neurons that suggested that Rab3 acts to increase the intrinsic release probability of readily releasable vesicles ("superpriming") (Schlüter et al., 2006) . These findings, together with our results, suggest that some FRP vesicles can slowly mature into a very fast-releasable state. Changes of EPSC rise times or of the synaptic delay during short-term plasticity have also been observed at other synapses (Waldeck et al., 2000; Boudkkazi et al., 2007) , indicating that heterogeneity of release kinetics might be important for short-term plasticity at various types of synapses.
Possible relevance of facilitation at a depressing synapse
It is intriguing to speculate about a role of facilitation for information processing at these auditory synapses. Although we mainly investigated young rats before the onset of hearing ([postnatal day 8 (P8) to P10], we also found a significant, albeit slightly weaker facilitation in the predepressed state of the synapse at P15-P17 (see supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), indicating that facilitation is also present in calyces of young hearing rats. It is possible, however, that a further developmental upregulation of Ca 2ϩ binding proteins in calyces of Held (Felmy and Schneggenburger, 2004) could reduce the amount of facilitation with further development beyond P17.
Recent work has shown that synaptic depression observed after long stimulation pauses in slice preparations might be less relevant in vivo (Hermann et al., 2007; Lorteije et al., 2009) , mainly because of the high rates of spontaneous firing. Our work suggests that sudden increases in the rate of afferent fiber firing during sound-evoked activity might induce facilitation in the predepressed state of the synapse similar to the facilitation observed here in slice recordings. Facilitation of EPSCs in the partially depressed state of the synapse could transiently compensate for the effect of depression, thereby stabilizing the transmitter output at the beginning of high-frequency activity. This facilitation is expected to counteract the increase of the delay and the temporal jitter of postsynaptic APs seen during high-frequency trains (Tolnai et al., 2009; Lorteije et al., 2009 ). However, more experimental work is needed to address the possible physiological implications of facilitation in the partially depressed state of synapses.
